Candida albicans is a part of normal microbial flora that can be found in mucocutaneous surfaces of the oral cavities, gastrointestinal tracts, and vaginas of many mammals, including humans. Although C. albicans does not normally cause severe disease in immunocompetent hosts, this pathogen can trigger life-threatening systemic infections in immunocompromised individuals. Mammals respond to C. albicans infection through activating both acquired and innate immune responses (3, 30) , with the innate immune response as the first defense. Since the innate immune response is evolutionarily highly conserved, Drosophila melanogaster is a promising system for studying virulence characteristics of medically important pathogens such as C. albicans (7, 32) . The Drosophila immune response is composed of both humoral and cellular components (2) . The innate immune system consists of two major networks defined by the Imd (immune deficiency) and Toll pathways that are activated by fungal and bacterial infections (7) . These pathways initiate humoral antimicrobial defenses in the Drosophila fat body, the analog to a mammalian liver. The cellular immune response involves plasmatocytes (blood cells) that can phagocytose microbes and encapsulate parasites; transcription activation of a variety of pathways is necessary for these responses.
In eukaryotes, regulation of gene expression at the translational level is a very complex process. It allows for very rapid adaptive changes in global protein synthesis levels and for selective mRNA translation during the regulation of the cell cycle, development, apoptosis, the response to cell proliferation conditions, and cellular stress conditions, such as infection. During translation initiation, the 40S preinitiation complex is recruited to mRNA by interactions with the cap-binding complex eIF4F (eukaryotic initiation factor 4F). The eIF4F complex consists of 3 subunits: eIF4E, the cap binding protein; eIF4A, a RNA helicase; and eIF4G, a scaffolding protein.
The activity of eIF4E is regulated by the eIF4E-binding proteins (4E-BPs). These repressor proteins inhibit cap-dependent translation by preventing the association of eIF4E with eIF4G and thereby suppressing the formation of the cap-binding complex. The binding of 4E-BPs to eIF4E is modulated by the phosphorylation status of the 4E-BPs at several serine and threonine residues. Under active growth conditions, 4E-BPs are hyperphosphorylated, remain dissociated from eIF4E, and are inactive in blocking cap-dependent translation. However, under conditions that block cell proliferation or induce apoptosis, hypophosphorylated 4E-BPs sequester eIF4E and inhibit cap-dependent, but not cap-independent, translation (9, 13, 15, 34) .
Recent studies have shown that Drosophila has a single d4E-BP (21) , in contrast to mammals, which express three distinct 4E-BP proteins (24, 26) . Drosophila 4E-BP is an effector of cell growth (21) . The phosphorylation of d4E-BP is stimulated by insulin via the conserved insulin receptor (dInR-PI3K-Akt-TSC-dTOR) pathway. In starved Drosophila S2 cells, most of the d4E-BP consists of the nonphosphorylated isoform (␣), which is active in binding deIF4E. Treatment with insulin induces a shift to another isoform (␤), hyperphosphorylated at Thr37 and Thr46, which causes d4E-BP dissociation from deIF4E (20) .
Among the first-line defense players of the innate immune system are the macrophages, which can phagocytose pathogens. In the present work, we used S2 cells, which share many characteristics with mammalian macrophage cells, to study pathogen-host interactions. It was recently described by Stroschein-Stevenson et al. (32) that S2 cells engulf C. albicans as early as 30 min after they encounter each other. We showed that phagocytosis of C. albicans cells induces differential expression of immune response genes. Microarray analysis of the host-pathogen interaction identified several genes involved in innate response to C. albicans infection, including Thor, which encodes d4E-BP. Subsequently, we investigated the importance of d4E-BP in vivo and observed an increased sensitivity of d4E-BP null flies to Candida infection. Our data suggest that d4E-BP is important for fly survival after Candida infection.
MATERIALS AND METHODS
Yeast, bacterial, and Drosophila strains and cell lines. The C. albicans strains used in this study were SC5314 (12) and CAI4-GFP, expressing a soluble intra-cellular green fluorescent protein (GFP) (ura3::imm434/ura3::imm434 pAM5.6) (2, 10). These strains were grown in YPD (1% yeast extract, 2% peptone, 2% dextrose, 0.05% uridine, pH 5.5) or SD-ura (0.15% dropout uracil, 0.05% uridine, 0.67% yeast nitrogen, 2% dextrose) media, respectively. Drosophila Schneider 2 (S2) cells (Invitrogen) were grown in Schneider's media (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (S-10 medium) according to the supplier's specifications (ATCC). The d4E-BP null (Thor 2 ), revertant (Thor 1Rv1 ), and Oregon-R wild-type flies are as described previously (5, 6, 33) . The Saccharomyces cerevisiae strain used was MLY40 (17) .
Time-lapse microscopy. The day before introducing the fungal cells, 10 6 Drosophila S2 cells were seeded in a Bioptechs petri dish. S2 cells were then incubated with live or 4% paraformaldehyde-fixed Candida cells or with 3.53-m latex beads (Estapor Microspheres). Phase-contrast as well as epifluorescence pictures were taken at a ϫ400 magnification every 15 min with a DMIRE2 inverted microscope (Leica Microsystems Canada) equipped with a Hamamatsu cooled charge-coupled-device camera, a Bioptechs temperature-controlled stage adapter, and a Ludl motorized stage. Openlab software (Improvision) was used for image acquisition.
Immunofluorescence. Drosophila S2 cells ( 10 7 ) were seeded in six-well plates (Becton-Dickinson), and Candida cells (strain CAI4-GFP) were added at a multiplicity of infection (MOI) of 1. At the indicated incubation time, cells were washed two times in S-10 medium and stained with an anti-Candida antibody as previously described (29) , except the secondary antibody was a Rhodamine red-X-conjugated F(ab)Ј2 donkey anti-rabbit antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) diluted 1:200 in S-10. Epifluorescence was monitored using the appropriate filters, at ϫ400 magnification.
Total RNA and mRNA extractions. Total RNA was extracted by the hot phenol extraction method (8) . mRNA isolation was performed using the MicroFastTrack mRNA isolation kit from Invitrogen according to the manufacturer's recommendations.
Microarrays. The microarrays used in this study were purchased from the Drosophila Microarray Center (d12k v1) (23) . Transcription profiles for each condition represent the average of at least 4 to 9 independent hybridizations. These include dye swap hybridizations (Cy3/Cy5 and Cy5/Cy3) from at least three independently produced RNA preparations. The DNA microarray slides were scanned with a ScanArray 5000 scanner (version 2.11; GSI Lumonics, then Packard BioScience, now Perkin Elmer-Cetus, Wellesley, CA) at a 10-m resolution. Quantitation and normalization of DNA microarrays were performed as described previously (22) . The resulting 16-bit TIFF files were quantified with QuantArray software (versions 2.0 and 3.0; Perkin Elmer-Cetus). Statistical analysis and visualization were performed with GeneSpring software (Silicon Genetics, Redwood City, CA) as described previously (22) .
Northern blot analyses. The Northern blot analyses were performed as described previously (18) . Probes for d4E-BP and RpL4 genes were synthesized as follows. Fragments from the d4E-BP (Thor) gene were amplified by PCR using a forward primer, 5Ј-TGGGGACGGGCACGCACTTG-3Ј, and a reverse primer, 5Ј-GTGGTCCCCTGGTGGTCT-3Ј. The RpL4 probe was used as an internal control to monitor RNA loading and transfer. Fragments for the RpL4 gene were amplified using a forward primer, 5Ј-GGCGGCGACCTTCTTCTT-3Ј, and a reverse primer, 5Ј-GTGTGCCGACAGCTAGGATT-3Ј.
Antibodies and Western blot analyses. Anti-d4E-BP was a generous gift from N. Sonenberg (21) . Anti-phospho-4E-BP1 (Thr37/46) antibodies were obtained from Cell Signaling Technology, Inc. Anti-actin antibodies were obtained from Chemicon/Millipore.
Protein extracts (50 g) were loaded on a 15% acrylamide gel, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to nitrocellulose membranes (Bio-Rad) for Western blot analysis. Membranes were incubated with anti-d4E-BP primary antibody (1:2,000) in Tris-buffered saline containing 0.05% Tween 20 plus 5% bovine serum albumin or with a 1:2,000 dilution of anti-actin monoclonal antibody, followed by a 1:2,000 dilution of anti-rabbit or anti-mouse horseradish peroxidase-conjugated immunoglobulin G (Santa Cruz Biotechnology). The proteins were detected using Lumi-Light Western blotting substrate (Roche).
Drosophila infection. Infection of flies (1-to 3-day-old virgin females or males; 30 per experimental group) was performed as described previously (16) with a thin needle dipped in a concentrated cell pellet containing 200 optical density of the yeast cells used in our study. The inoculum size was evaluated at approximately 10 3 cells per fly. Following infection, flies were maintained at 25°C on regular fly medium. Infection experiments were performed at least three independent times, and standard deviations were calculated.
RESULTS

Phagocytosis of
Candida albicans by S2 cells. Drosophila plasmatocytes are responsible for the phagocytosis and destruction of apoptotic cells and microorganisms (11, 19) . The plasmatocytes share several properties with mammalian macrophages at the structural and molecular levels (1, 25) . In this study, we used S2 cells to analyze cell-mediated innate immunity and phagocytosis. This cell line, which is derived from Drosophila embryos, expresses macrophage-like genes (croquemort, dSR-CI, and PGRP-LC) and possesses macrophage-like phagocytic properties (25, 28, 32) . The goal of the present work was to analyze the effect of the internalized Candida on S2 cells. To establish whether S2 cells phagocytize C. albicans, we monitored the internalization of GFP-labeled C. albicans CAI4 cells (CAI4-GFP) in coincubation experiments with S2 cells for up to 6 h (Fig. 1) . The results indicated that C. albicans cells were indeed engulfed by S2 cells. We also took a doublelabeling approach to distinguish between C. albicans cells internalized versus attached to the surface. Figure 2 shows that Candida cells associated with S2 cells are efficiently internalized, with the percentage of engulfed Candida increasing with the incubation time. It is noteworthy that S2 cells are loosely adherent and many cells are lost during the immunofluorescence procedure.
Endpoint dilution analysis of Candida interaction with Drosophila S2 cells. To assess the antifungal activity of Drosophila S2 cells, we conducted an endpoint survival assay where we monitored the survival of Candida SC5314 and GFP-labeled CAI4 strains in the presence of Drosophila S2 cells. Survival was measured as the number of colonies in the presence of S2 cells divided by the number of colonies in the absence of the S2 cells. In the presence of Drosophila S2 cells, the number of colonies formed was 57.4% Ϯ 9.2% lower in the case of strain SC5314 and 61.3% Ϯ 4.5% lower in the case of strain CAI4-GFP than the number of Candida cells in the absence of S2 cells. Transcriptional analysis of S2 cells' response to the presence of C. albicans. We used high-density microarrays representing 10,500 Drosophila genes to study global gene expression changes of the S2 cells in response to C. albicans infection. Drosophila S2 cells were coincubated with the C. albicans wildtype strain SC5314, at a starting MOI of 1, in Schneider medium supplemented with 10% fetal bovine serum at 25°C. A comparison of mRNA levels at 3 h and 6 h after infection, respectively, revealed relatively few changes in gene expression. In Table 1 , we show a list of 27 genes differentially regulated by the presence of C. albicans in S2 cells (with a cut-off of 1.5-fold at 6 h postinfection). Among the translational repressors, Thor was one of the most strongly induced genes in the presence of C. albicans (5.6-fold after a 6-h treatment). A representative of secreted proteins, lox (lysyl-oxydase like or dLOXL-1) was observed to be induced 4.5-fold at the same time point. A member of the immunoglobulin superfamily, the Impl2 (CG15009) gene was also induced 2.6-fold as well as the fok gene (3.3-fold) . A negative regulator of translation, poly(A)-binding protein-interacting protein 2a (4, 31), was also induced 1.5-fold after a 6-h Candida infection. Attacin A, encoding an antibacterial peptide, showed a 1.6-fold up-regulation. Among detoxification or stress-related proteins in S2 cells infected with C. albicans, the Hph gene was up-regulated 1.6-fold. We also observed the up-regulation of genes involved in sterol and lipid metabolism, such as Fpps (2.2-fold) and ifc (1.6-fold). Four genes were down-regulated upon Candida infection of S2 cells. The String gene involved in the mitotic cell cycle was down-regulated 1.8-fold in 6 h upon infection. A myoblast fusion gene, rolling stone, was also down-regulated 1.7-fold, along with an exonuclease-like gene and an unknown gene, CG30457 (down-regulated 1.6-and 1.5-fold, respectively).
d4E-BP mRNA and protein levels increase upon C. albicans infection. Northern blot analyses were performed to confirm the induction of d4E-BP detected by the microarray analyses. As shown in Fig. 3 , d4E-BP mRNA levels increase in the presence of live C. albicans; up-regulation of d4E-BP expression is not detected with coincubation with latex beads or with fixed C. albicans cells. Therefore, the induction of d4E-BP expression appears specific to the immune function in S2 cells and not to the phagocytosis of fixed pathogen or latex particles.
We also analyzed the presence of the d4E-BP protein in total extracts from S2 cells and C. albicans-coincubated cells (Fig. 4) . Consistent with our microarray and Northern blot results, we observed increased levels of d4E-BP protein after a 6-h coincubation with live C. albicans. Using a phosphospecific antibody, we found that most of the increased d4E-BP was in the hypophosphorylated (␣), active form, although a small increase in the hyperphosphorylated (␤) form of d4E-BP was also observed. These results establish that, in S2 cells in the presence of live C. albicans, active d4E-BP protein is present at a higher level.
Response of d4E-BP null flies to infection by C. albicans. To determine whether d4E-BP contributes to antifungal immunity, we analyzed the survival of Drosophila 4E-BP null mutant flies following their infection with C. albicans. In separate experiments, 1-to 3-day-old male and female virgin flies were pricked with a very thin needle coated with concentrated C. albicans SC5314 or S. cerevisiae strain pellets or with a sterile needle as a negative control. We measured the survival of Oregon-R, revertant (Thor 1rev1 ), and d4E-BP null (Thor 2 ) flies 6 h after infection (Fig. 5) . We found that d4E-BP null mutant flies are about 50% less resistant to Candida infection than controls, indicating that d4E-BP is involved in conferring immunity to this fungal species. Although d4E-BP null mutant flies showed a decreased resistance to Candida infection in both sexes, it is noteworthy that female flies showed a higher resistance than the males. In contrast, the d4E-BP null mutation had no effect on survival after infection with S. cerevisiae.
DISCUSSION
We used hemocyte-like Drosophila S2 cells, in coculture experiments with C. albicans, as a model representing cellmediated innate immunity against infection by this pathogen. The transcriptional profiling of the S2 cells during the phagocytosis of C. albicans revealed a number of differentially expressed Drosophila genes in response to the pathogen. Eight of these genes were up-regulated more than 2-fold after 6 h of infection, and the remaining 19 genes were up-or down-regulated at least 1.5-fold. Among the differentially expressed genes, there were known immune-related genes, such as AttA or Thor, and several new candidates for genes involved in cell-based immunity. However, the relatively small number of genes modulated by the interaction with C. albicans indicates that Drosophila S2 cells do not rapidly regulate the transcription of a large number of genes in response to the presence of this fungus. In particular, several known immune-related genes, such as those encoding the antifungal peptides Drosomycin and Metchnikowin or other components of the Toll pathway, are not represented in this profile. Either their regulation might have occurred at times outside the scope of our experiments, or S2 cells lack the capacity to transcriptionally regulate them. Interestingly, the strong and rapid induction of the d4E-BP (Thor) gene suggests that regulation of translation could be a significant mechanism in Drosophila cell-based immunity. Drosophila 4E-BP is homologous to 4E-BPs from other species, and the phosphorylation sites in mammalian 4E-BP1 are conserved in d4E-BP (21) . Recent studies have shown that Drosophila has a single d4E-BP (21) , in contrast to mammals, which express three distinct 4E-BP proteins (24, 26) . This makes Drosophila an excellent model to study the function of 4E-BP in the immune response to pathogens. In addition to the Northern blots confirming the activation of d4E-BP in S2 cells "infected" by live C. albicans (Fig. 3) , Western blot analysis (Fig. 4) confirmed the increase in d4E-BP protein level. We have shown that this protein also remains mostly in its active ␣ form in the S2 cells in the presence of live C. albicans. Such an increase in the level of the active hypophosphorylated d4E-BP protein would compete with the formation of the cap-binding complex and inhibit cap-dependent translation.
To date, the only transcription factor known to regulate the transcription of d4E-BP is dFOXO, which is negatively regulated by insulin and positively regulated by different cellular stresses, through the forkhead response element in the d4E-BP gene promoter (14, 33) . However, an additional signaling pathway might target d4E-BP in response to infection in flies, since our transcriptional analysis also failed to detect a change in expression of the FOXO gene (the gene was up-regulated by a maximum of 1.1-fold at 6 h post-Candida infection) as well as dInr, the insulin receptor gene positively regulated by FOXO (27) (Table 1) .
In this work, we have established the S2 cell line as a model for the study of gene expression during host-Candida interaction. We used transcriptional profiling to identify several candidates for new immune-related genes in Drosophila and placed d4E-BP as an important player in defense against C. albicans infection. In further studies, the signaling pathway directing the expression and phosphoregulation of d4E-BP in the Drosophila immune response should be of particular interest. null virgin female flies were 1.5 times more sensitive to the Candida infection than the wild-type and revertant female flies. As a control, d4E-BP null , Oregon-R, and Thor 1rev1 flies of both genders were pricked with a sterile needle or with a needle coated with S. cerevisiae, which had no effect on the survival rate of Drosophila flies. Survival rates did not change significantly after 6 h. Each data point represents the mean of results from three independent experiments. 
